Hydrodynamic interaction between hull and foils is one of the important aspects for performance prediction of high speed craft lifted up partially by sumberged foils. In order to investigate such interaction, measurements were made of the lift of foils, trim and elevation of a craft model in the towing tank. It was found that the elevation of the model is smaller than that estimated from the measured lift of the foils. This suggests that there exists lift loss due to additional sinkage force acting on the hull as a result of hydrodynamic interaction. Then, numerical calculation was carried out to clarify such hydrodynamic interaction. As expected, it was found that negative pressure is induced by the foil on the bottom of the hull just above the foil, and results in the sinkage force as observed in experiments.
Introduction
Recently, use of high speed craft, for example catamaran, surface effect ship (SES), hydrofoil and so on, has become popular in coastal sea transportation. For these craft, submerged foils are sometimes adopted to reduce hull resistance and/or motion in waves by their hydrodynamic lift. In these craft, study on hydrodynamic interaction is one of the important aspects for performance prediction. In the case of hydrofoil in foilborn condition, interactions among foils and free surface are important, and have been studied for long time. Wadlin and Christopher'', for example, presented a method based on the lifting-line theory to calculate the lift coefficient of the foil at finite depth beneath the free surface. Nakatake et al.' also presented a method using the thick wing theory and Rankine source method. Hoerner and Borst '', Miyata et al.4 ) and others indicated experimentally that there exists significant interaction between foils beneath the free surface.
Hydrodynamic interaction between hull and foils is another important aspect for high speed craft lifted up partially by submerged foils and also for hydrofoil in hullborn condition just before take off. To the author's knowledge, however, studies on this aspect have not been made hitherto.
In this paper, experimental and theoretical studies were carried out to investigate such interaction, focusing on the vertical force.
2.
Scope of the present study For high speed craft without foils, planing lift usually acts on the hull, and is the main component of PHD. If the planing lift acts on the craft with foils similarly to those without foils, 3 is greater than the unity (3 >1). On the other hand, fi smaller than the unity (fi< 1) means that PHD is negative and that sinkage force acts on the hull as a results of the hydrodynamic interaction between hull and foils. And then the elevation of a model is smaller than that estimated from the lift of the foil. In order to examine these assumptions, the author planned a series of experiments to measure lift of the foils, running trim and elevation of a model in the towing tank.
In the equation ,( 3 ) , the hydrodynamic interaction force between hull and foils is included in PHD and Lfotl. Thus, PHD ',foil are rewritten as The foils were removed and only the hull was towed being fixed to the carriage. The elevation and trim were adjusted to the values measured in the test of free condition. Fig. 3 shows the comparison of wave profiles which were observed at F Hy=2.1. This Froude number Env is defined, as follow : ( 7 ) where V : speed of the model. In the fixed condition, the wave profiles of the inner and outer sides are almost the same. In the free condition, however, the wave profile of the inner side of the twin hull is significantly lower than that of the outer side.
This means that free surface between twin hulls becomes lower mainly due to the effect of submerged foils and the effect of interaction between twin hulls is relatively small. Because of the difference of wave profiles at inner and outer sides of the hull, the displaced volume of the inner supported by the hydrodynamic force which was estimated from the running trim and elevation in both cases of the hull with and without foils in the free condition.
Here, all values are normalized using the weight of the craft model. In the case of the hull without foils (marked by 0) , the component of hull weight supported by the hydrodynamic force, i. e. pg(V V")/W becomes positive when F nv>1.8. This means that planing lift force becomes dominant in this speed range . On the other hand, in the case with foils, hydrodynamic lift of the foil measured directly (marked by A) is larger than the component of the hull weight supported by the hydrodynamic force (marked by 0). This means that hydrodynamic pressure force PHD acting on the hull must be negative, i. e., sinkage force from the equation ( 3 ) . Furthermore, it seems that the sinkage force is mainly due to the effect of interaction force PHI) in the equation ( 5 ) , because it is considerd that PIA is nearly equal to pg(V 7) without foil and these values are positive. From this, the elevation of the hull is smaller than that estimated from the measured lift of the foils , as explained in section 2. Fig. 6 shows the effective lift ratio ,3 which is defined by the equation ( 4 ). The effective lift ratio becomes and vanishes at infinity. We consider a boundary surface S, which is composed of hull surface Sn, foil surface SF, free surface SFS and wake surface of the foil S. Applying Green's theorem, perturbation velocity potential at any field point P(x, y, z) can be expressed by a distribution of source and doublet over the boundary surface S.
where E =0 for the point P inside S =1/2 for the point P on S =1
for the point P outside S and Here P(x, y, 2) is the field point, Q(xl, yl, zi) is the boundary point and,a is the normal derivative to the boundary surface S at the point Q.
The effect of the free surface is considered as follows. On the free surface, the linearized boundary condition is given by (10) Here, V is the inflow velocity of which direction coincides with x-axis. Here nx is the x-component of unit outward normal vector on the surface. We assume that the wake of the foil can be represented by a surface SW, and there are no flow and no pressure jump across the sw. The boundary condition on the wake surface SW can be written as (14) where p is the pressure and subscripts + and denote the upper and lower side, respectively. For the steady problem, the potential jump JO across the wake surface is constant along an arbitrary streamline in the wake and can be expressed as (15) From the equations (11) and (12) , integration on the free surface in the equation ( 9 ) vanishes by use of the method of image. Therfore, considering the equations (13) Foil Section : NACA0012-34 Angle of attack : 4°
Foil position : midchord coincides with the midship (x-direction) In this figure, panel arrangement is also shown. The hull surface was replaced with 720 panels (36 x 10 x 2) which are clustered near the midship above the foil. The foil surface was replaced with 256 panels (16 x 8 x 2), and wake surface with 40 panels (8 x 5) . By using this model, calculations of the potential flow around the hull with the foil, the hull alone and the foil alone were carried out in the conditions shown in Table 1 . In the case of the calculation of hull with foil and hull alone, two kinds of linealized free surface conditions were used, as mentioned in the section 4. 1. 1. The clearance between hull and foil was changed as shown in Table 1 . In the case of the calculation of foil alone, the foil is assumed to be located in the infinite water. This corresponds to a condition that foil is sufficiently far away from the bottom of the hull.
4. 2. 2 Results and discussion Figs. 9, 10 and Figs. 11, 12 show the calculated pressure distributions on the bottom of the hull and upper surface of the foil in the cases of high and low speed approximations of the free surface condition, respectively. Comparing the results of calculations for the hull and the foil with those for the hull alone and the foil alone in these figures, one can observe that negative pressure is induced on the bottom of the hull and the By integrating pressure on the surface, we can obtain the lift coefficients of the foil, the hull, and the total of the hull and the foil. All lift coefficients are nondimensionalised using projected area of the foil as the reference area. These lift coefficients are shown in Fig.  13 . The abscissa is a non-dimensional clearance between the hull and the foil (h/c), and infinite h/c means the hull alone with free surface or the foil alone in infinite water. As shown in Fig. 13 , the lift coefficients of the foil in case of the hull with the foil are slightly larger than those of the foil alone. On the other hand, the lift coefficients of the hull in the case of the hull with the foil is smaller than those of the hull alone. These changes of the lift coefficients are derived from the negative pressures induced on the bottom of the hull and on the upper surface of the foil. And these differences of the lift coefficients correspond to the and Pill) in the equations ( 5) and ( 6 ), respectively. Then, total lift coefficients of the hull with foil are less than the sum of the lift coefficients of the foil alone and the hull alone, because of the remarkable negative pressure induced on the bottom of the hull. This means that a part of the lift of the foil is cancelled and only the remainder contribute to the elevation of the hull .
The effective lift coefficient CI eff which correspods to the hydrodynamic force without P) is calculated by the following formula using the numerical results .
As shown in Fig. 14, CLeff decreases with the decrease of h/c, although the lift coefficient of the foil increases . If we define another effective lift ratio 8' using this CI eff , POP--:pg(V-V") without foils] can be considered small in comparison with L101 from the experimental results shown in Fig. 5 . Therefore, it can be considered to be reasonable to compare the /3" obtained numerically with /3 obtained experimentally. From Fig. 15 showing the values of plotted on h/c, 8' is 0.65-0.78 at h/c =0 .5 which corresponds to the configuration of the present experiments. It is a good coincidence with the results of the experiments shown in Fig. 6 , in spite of the large difference of the configuration between calculation and experiment. From this, it seems that the present calculation method is applicable to examine the hydrodynamic interaction forces between hull and foils .
Concluding remarks
In order to investigate hydrodynamic interaction between hull and foil, experimental and theoretical studies were carried out. At first, lift of the foils and the elevation of the hull were measured for a catamaran model with three foils in the towing tank . The component of the hull weight supported by hydrodynamic force was estimated from the measured elevation of the hull and compared with the lift of the foils measured directly. And then, the effect of the interaction between hull and foil was discussed based on the experimental results. Next, the mechanism of the interaction was investigated by calculating potential flow around Wigley hull with a foil by means of a panel method , and the following conclusions are obtained.
( 1 ) By analysing the experimental results, measured lift of the foils is larger than the component of the hull weight supported by hydrodynamic force which was estimated from the elevation of the hull . The effective lift ratio, i. e. the ratio of hydrodynamic 
